Species breeding under local mate competition conditions have sex ratios biased towards females, a trait that is often associated with male haploidy (arrhenotoky). We used insecticide resistance as a genetic marker in Hypothenemus hampei, a local mate competing scolytid beetle that is cytologically diplo-diploid, for investigating the inheritance of nuclear genes. We confirmed that males express the resistance phenotype that they inherit from their mother, whatever their father. The segregation of resistance phenotypes in F2 females significantly departed from the Mendelian model, and were in accordance with the arrhenotokous model, indicating that the parental genes were eliminated between F1 and F2. This finding (pseudoarrhenotoky) constitutes a step towards an understanding of the mechanism by which diplodiploidy evolves to arrhenotoky in local mate competing insects.
Introduction
Insects and mites for which matings occur between sibs before dispersal of the adult females, a condition known as local mate competition (LMC; Hamilton, 1967) , have female-biased sex ratios. Breeding under LMC conditions is frequently associated with arrhenotokous reproduction (Hamilton, 1967; Wrensch & Ebbert, 1993) whereby diploid females arise from fertilized eggs and haploid males from unfertilized eggs. Arrhenotoky provides an easy means to control sex and obtain highly femalebiased sex ratios, two traits advantageous for females of species breeding under LMC (Wrensch, 1993) . A similar system, occurring in some species of mites is pseudoarrhenotoky, where the production of males requires eggs to be fertilized by sperm, but one set of chromosomes, supposedly the paternal one, is eliminated during development (Schulten, 1985) or at least is not transmitted to offspring.
Pseudo-arrhenotoky also enables females to control the sex ratio of their broods although the underlying *Correspondence: ORSTOM, UR 33 Zoologie, 911 avenue Agropolis, B.P. 5045, 34032 Montpellier cedex 1, France. mechanism is unknown (Sabelis & Nagelkerke, 1993) . In the following, arrhenotoky and pseudoarrhenotoky will be grouped under the term functional arrhenotoky. Functional arrhenotoky seems to have evolved independently at least seven to ten times in mites (Norton et a!., 1993) and at least six times in insects (Wrensch & Ebbert, 1993) .
The scolytid beetles potentially offer an experimental system to study the mechanisms underlying the evolution of haplo-diploidy under LMC conditions (see Kirkendall, 1993) . Inbreeding polygyny, whereby a few males fertilize all their sisters, has evolved repeatedly in scolytid beetles. This family seems to contain some of the few known diplodiploid species breeding under LMC conditions. These conclusions are, however, based on limited evidence (Kirkendall, 1993) . One such species is Hypothenemus hampei, the coffee borer. It has the features of a typical local mate competing species.
Females disperse after fertilization, laying eggs within a coffee bean where the progeny undergo complete development. The dwarf and flightless males undergo one fewer moult than females and mate with their sisters. In qualitative accordance with LMC theory, the sex ratio is distorted towards 130 females in a ratio of about 10 to 1, and this bias significantly decreases in offspring when the number of competing mothers increases (P. Borsa, unpublished data) . The evidence for diplo-diploidy stems from karyological data (Bergamin & Kerr, 1951; J. J. Stuart, unpublished data) , from the observation that eggs laid by unfertilized females do not hatch (Bergamin, 1943; Giordanengo, 1992; Barrera Gaytan, 1994; but see Mufloz, 1989) , and from nuclear DNA data showing the occurrence of heterozygosity in both females and a proportion of males (Borsa & Coustau, 1995) .
Recent data on resistance to endosulfan in H.
hampei (Brun et a!., 1995b) suggested, however, that males only express the resistance genes that were transmitted by their mother. Male progeny from crosses mother resistant (R) x father susceptible (S) were resistant and those from crosses mother S x father R were susceptible. Their sisters in both cases showed a phenotype intermediate between those of the parents, i.e. response curves which were halfway between the susceptible and the resistant response curves on a log-probit scale. In this paper, in order to test how the resistance genes (here used as nuclear markers) are transmitted, we investigated the segregation of resistance phenotypes in F2 offspring of H. hampei.
Materials and methods
Two laboratory H. hampei strains were used, resistant and sensitive, named R and S, respectively. The R strain was derived from a sample of about 1000 fertilized females from Ponerihouen in New Caledonia, the only resistant H. hampei population known to date. It was inbred in the laboratory for 19 generations and subjected to selection by endosulfan insecticide in a standard test (Brun et al., 1991) every generation, with 100 to 1000 of the fertilized female survivors retained for the next generation. The S strain was derived from a natural sample of about 200 fertilized females from La Foa in New Caledonia. It was inbred in the laboratory for 15 generations. Every generation, 100-200 mothers were tested for endosulfan resistance and all proved susceptible. One hundred to 200 of their fertilized female progeny, not subjected to the test, were used for making up the next generation. The insects were reared on an artificial medium. Methods for rearing and diet composition are given in Brun et al. (1995a) .
To obtain heterozygous F1, female pupae from the R or S strains were removed from the rearing medium. They were then allowed to emerge and to
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mate with males from the opposite strain and to oviposit on diet. About 1 month later, F1 female pupae were similarly removed, allowed to mate with the chosen F1 males and to oviposit. Hence F2 males and females of various pedigrees were obtained and they were tested for resistance when they reached the stage of fully developed, melanized adults.
The insecticide test was derived from a standard test on the basis of the concentration-mortality response data obtained in our laboratory (Brun et a!., 1991; and unpublished data 
Results
The results of the insecticide resistance tests for F2 males and females of H. hampei are given in Tables  1 and 2 , respectively. In accordance with previous results on F1 males, in all crosses tested, F2 males showed the phenotypes expected under the hypothesis that they only express their maternal genes.
For the F2 females, the Mendelian model was rejected in all cases, whereas the results were in accordance with the functionally arrhenotokous model (Table 2) . From the series of controls it can be inferred that a small proportion (1.4 per cent) of the individuals were misclassified. Hence, scores of apparently aberrant individuals (i.e. those not expected under either Mendelian or functionally arrhenotokous models) were pooled with the next phenotypic class for calculating the x2 as explained in Table 2 . All except two of the unexpected phenotypes were individuals dying earlier than predicted suggesting the hypothesis of an experimental bias in the test. We nevertheless compared the proportion of unexpected individuals in crosses in which they could be explained by some transmission of genes from the parental grandfather with those in which they could not. There was no significant difference (, P>O.1) suggesting that the unexpected individuals were misclassified individuals and did not result from paternal genes being transmitted by sons.
Discussion
The present results are highly suggestive of functionally arrhenotokous inheritance of resistance to endosulfan in the scolytid beetle H. hampei.
The quality of the genetic marker is, however, crucial for assessing the regular mode of gene transmission within a species. A single autosomal nuclear gene presenting no epistasis should be used. Endosulfan is an insecticide of the cyclodiene family. In a number of insect species (ffrench-Constant et al., 1993; Thompson et a!., 1993) including H. hampei (Borsa & Coustau, 1995) , resistance to cyclodienes is determined by a point mutation in the highly conserved Rdl gene, which is autosomal in Drosophila melanogaster (ffrench-Constant et al., 1993) .
Phenotypic data on resistance to endosulfan in F1 H.
hampei females (Brun et a!., 1995b) are consistent with the typical genetic determination of cyclodiene insecticide resistance: codominant expression of a single-locus nuclear gene (Brown, 1967) . All these results strongly support resistance to endosulfan being determined by a single codominant gene (Rdl) in H. hampei. The results of the crosses could, however, still be explained by the resistance gene being sex-linked (or sex-limited) rather than by functionally arrhenotokous inheritance. Nuclear DNA data (Borsa & Coustau, 1995) showed that this is not likely: in some instances (4/38), the paternal Rdl gene was amplified in sons although sons do not express it. This would not have been observed had the resistance gene been borne by an X chromosome. The resistance character can therefore be considered an appropriate genetic marker for investigating the breeding system in this species of the scolytid family.
The results of the present experiments confirmed that paternal genes are not expressed in sons, but are in daughters. They also showed that in most cases, if not all, the paternal genes are not transmitted to F2 females, in accordance with functionally arrhenotokous inheritance. Because males have been shown to inherit genes from both parents, as inferred from karyological data (Bergamin & Kerr, 1951) and nuclear DNA data on a small proportion of males (Borsa & Coustau, 1995) and indirectly suggested by some biological data (unfertilized eggs do not develop; Bergamin, 1943) , we conclude that the paternal genes are somehow inactivated in sons and are not transmitted to the next generation. This type of breeding system, namely pseudoarrhenotoky (see Schulten, 1985) , was unknown in beetles of the scolytid family, up to now believed to be either diplo-diploid or arrhenotokous (Kirkendall, 1993) . True arrhenotoky has been demonstrated in two lineages of the subfamily Scolytinae, Dryocetini and Xyleborini, in some species of which virgin females lay all-male broods (Kirkendall, 1993) . Hence, according to the currently accepted classification of scolytids, the pseudoarrhenotoky observed here in H. hampei (lineage Ciyphalini) would constitute a third independent origin of functional arrhenotoky in the Scolytinae.
The present results reinforce Hamilton's (1967) original idea that local mate competition and the ensuing female-biased sex ratios are correlated with functional arrhenotoky. It may even be questioned whether any species breeding under LMC is diplodiploid. Functional arrhenotoky is, however, not likely to be an obligate prerequisite for femalebiased sex ratios because, in a number of diplodiploid species, sex ratios in broods may vary in response to breeding conditions such as delay before mating (Werren & Charnov, 1978) . Although functional arrhenotoky may be an advantageous mode of reproduction for inbred species enabling a rapid selection on haploid genomes and easy facultative sex ratio adjustment, its origin is probably independent of these advantages. The repeated independent evolution of arrhenotoky or pseudoarrhenotoky in inbreeding species strongly suggests that a specific genetic process acts on sex determination under such conditions as hypothesized by Hamilton (1993) . The presence of arrhenotokous and pseudoarrhenotokous species within the same subfamily is suggestive of a progressive passage from diplo-diploidy to pseudoarrhenotoky and finally to arrhenotoky. As the evolution of arrhenotoky has occurred several times in Scolytidae, it can be expected that investigating other species of the family or even withinspecies variation will provide intermediate cases between diplo-diploidy and the pseudoarrhenotoky observed in Hypothenemus and hence provide a key as to how haplo-diploidy actually arises.
